Objectives: Making valid comparisons of antimicrobial utilization between hospitals requires risk adjustment for each hospital's case mix. Data on individual patients may be unavailable or difficult to process. Therefore, risk adjustment for antimicrobial usage frequently needs to be based on a hospital's services. This study evaluated such a strategy for hospital antimicrobial utilization.
Introduction
The choice of antimicrobials in hospitals is usually governed by formal guidelines and protocols. 1 There is often variation in utilization within and between institutions that results from the specific patient case mix, geographical variation among certain organism strains, and individual prescribing practices that may include failure to implement guidelines correctly.
Antimicrobial use that deviates from published guidelines remains a primary and potentially preventable initiating factor in the emergence and spread of antibiotic-resistant organisms, 2 including Clostridium difficile.
Monitoring antimicrobial consumption is an approach used to encourage compliance with antimicrobial guidelines. Because hospital services and case mix vary, risk adjustment is necessary to ensure such monitoring is unbiased. In addition, infection transmission and the varying microbiological environments in hospitals can result in clustering and breakdown of independence, resulting in heightened variation. Thus, in order to analyse aggregated among-institution antimicrobial utilization data, it is necessary to use methods suitable for the analysis of data that are highly variable (over-dispersed). This over-dispersion may involve both hospitals and the services they provide. It needs to be accommodated both in risk adjustment based on a hospital's services that depend on the characteristics of its patient population, and also for among-hospital comparisons.
It is important that antibiotic utilization is measured in a standardized manner, 2 e.g. using state-wide data aggregated at a hospital level. The availability of these data in Queensland makes it possible to measure, track and provide feedback on antimicrobial use.
Methods

Study design
The study was an observational, retrospective analysis of antimicrobial use among 21 public Queensland Health (QH) facilities. These hospitals were large (tertiary teaching and referral hospitals) to medium (general hospitals) in size. Fractional accrued patient-days obtained from the QH statistics centre were used as the denominator data in order to estimate usage rates. These are the total number of days that inpatients spent in hospital during the reported time period, measured in daily and hourly increments. Antimicrobial utilization was expressed as the number of DDDs/1000 patient-days. Clinical services and geographical data for each hospital were used as explanatory variables. Clinical service data were extracted from the QH Clinical Services Capability Framework, Health Statistics Centre and hospital web pages. Three clinical services (intensive care, oncology and infectious disease services) were classified into three groups (no service, small/ medium-level service and high-level service) based on the number of episodes of care from the specific unit of service. The remaining variables were classified into two groups (no service, dedicated wards/units) based on whether hospitals had dedicated wards or units, as shown in Table 1 . The additional variable derived for hospitals in the tropical northern region of Queensland (Cairns, Townsville, Mount Isa and Mackay) was based on expert microbiology advice from infectious diseases physicians regarding the unique bacterial flora present in the tropical environment.
Statistical analysis
Stata Version 11.0 (Stata Corporation, College Station, TX, USA) and R software (R Development Core Team, 2012) were used. The methodology for this analysis was based on a previous report by Tong et al. Descriptive analyses were performed for each antimicrobial agent and for all explanatory factors. We used generalized estimating equation (GEE) negative binomial regression models to identify risk and protective Development of a risk-adjustment model for antimicrobial utilization data 2401 JAC services for the outcome variables because of the marked variability of antimicrobial use. This model is appropriate for rates that show moderate to high variability collected from the same institutions over time.
Results for these models are reported using a rate ratio and 95% CI for each level of each factor. Predicted values were obtained for each hospitalantibiotic combination.
Funnel plots were used to present hospital aggregated data incorporating predicted values from the models. 5 Because among-institution overdispersion remained after regression analysis, a correction described by Mohammed and Laney 6 was employed together with winsorizing, as described by Spiegelhalter. 7 The results for individual hospitals can be evaluated in relation to the average of the risk-adjusted values. The observed-to-expected (O/E) ratio was used for displaying each hospital's outcomes. A ratio .1.0 indicated higher than expected usage and if any point fell outside the upper two standard deviation (SD) control limit then there was statistical evidence that the hospital may have had higher than expected usage compared with the risk-adjusted average usage of all the hospitals.
Technical details of the regression, funnel plot and winsorizing methods are available as Supplementary data, available at JAC Online.
Results
Descriptive analysis
The total rate of inpatient utilization of the five antimicrobial groups for the 21 participating hospitals in 2006 was 130.6 DDDs/1000 patient-days and in 2011 it was 155.8 DDDs/1000 patient-days, an increase of 16%. The rate increased steadily between 2006 and 2011 for all antimicrobial groups except fluoroquinolones (Table 2) . Table 3 shows that, with the exception of third-generation cephalosporins, the average rate of antimicrobial usage was higher for intensive care services, renal/nephrology, cardiac, burns/plastic surgery, neurosurgery, transplant and acute spinal services than the respective reference group (no service). Thirdgeneration cephalosporin utilization was higher in non-specialized clinical services. In addition, the mean rate of use of carbapenems, BLBLIs and glycopeptides was higher in oncology, infectious diseases and coronary care, and higher utilization was observed in tropical Queensland for fluoroquinolones.
Regression analysis
The results of the regression models for usage of the 2006 -10 data for all five antimicrobial groups are shown in Table 4 . The use of carbapenems, BLBLIs, glycopeptides and third-generation cephalosporins increased by 14%, 7%, 11% and 7% per year from 2006 to 2010, respectively. In addition, hospitals with highlevel infectious disease and solid organ transplantation services had increased use of carbapenems; those with high-level infectious disease services also had increased use of BLBLIs. The hospital with acute spinal services was associated with less frequent use of carbapenems, fluoroquinolones and third-generation cephalosporins. Hospitals with intensive care services (level 1 and level 2) were associated with high usage of glycopeptide antibiotics whereas hospitals with cardiac services and those from the tropical north were associated with higher usage of fluoroquinolones. Highlevel oncology services were associated with lower usage of thirdgeneration cephalosporins.
The goodness-of-fit statistics indicated that the models fit the data adequately for carbapenems, BLBLIs, fluoroquinolones and glycopeptides. They could therefore be used for generating expected rates of antibiotic use so that valid hospital risk-adjusted comparisons could be made. For third-generation cephalosporins, the goodness-of-fit measures of the validation sample indicated a model that fit the data adequately; however, goodness of fit for the development model was less satisfactory, hence expected rates would be determined with less assurance for this outcome.
Hospital usage displays
To illustrate how the model can be used to facilitate valid comparison of the data for multiple hospitals, further analysis was conducted on all five antimicrobial groups with the O/E ratios displayed in funnel plots. As we have indicated, the plots required modification to deal with remaining among-hospital overdispersion using the methods described by Mohammed and Laney 6 and Spiegelhalter. 7 They are summarized in the Supplementary data, available at JAC Online. Figure 1 shows the funnel plot for each antimicrobial group after modification for overdispersion. Hospitals with rates outside the funnel plot's modified 2 SD control limits are considered to be potential outliers; they have increased antimicrobial usage and therefore require further investigation (e.g. hospitals A and D in Figure 1 for carbapenem usage).
Discussion
Risk adjustment of antimicrobial utilization is an emerging field, and methods are being developed based on the hospital services, indices of patient severity or combinations of both.
8 -10 Also, Rajmokan et al.
although DDDs and patient-days are employed here, days of therapy and length of therapy are alternative measures.
11,12
We used negative binomial regression to model the data, owing to substantial over-dispersion. The validation results and goodness of fit indicated, with the possible exception of thirdgeneration cephalosporins, that the model was a good fit for the data. Hence, expected rates could be determined and used for presenting the observed and expected usage for each hospital. However, substantial over-dispersion remained after regression analysis, and unadjusted prediction limits were therefore Development of a risk-adjustment model for antimicrobial utilization data 2403 JAC unsuitable for obtaining funnel plot control limits for these antibiotic usage data. This over-dispersion is possibly due to the changing bacterial populations within and between the hospitals, and the breakdown in independence due to bacterial transmission. In addition, there are factors that may influence antimicrobial prescribing that cannot be attributed to case mix. For example, there is anecdotal evidence that overseas-trained doctors in the Queensland Public Health System continue to prescribe according to usual practice in their country of origin and do not rigorously adhere to local prescribing guidelines. There is considerable variation in the services provided, particularly among the tertiary referral and larger general hospitals. Also, there is variability in the level of specialist infectious disease and microbiology support provided to regional hospitals, which can result in different prescribing practices. MacDougall and Polk 13 found that variables (bed numbers and hospital characteristics) previously recommended for risk adjustment in benchmarking rates of antimicrobial use in among-hospital comparisons were weak predictors of rates of antibacterial use after normalization for total number of patient-days. It was therefore necessary in our study to use additional measures for dealing with over-dispersion.
A number of options for handling this over-dispersion have been suggested by Spiegelhalter 7 and Mohammed and Laney, 6 and z-score and winsorizing options were used in creating the funnel plots shown in Figure 1 .
The results of our study do not provide definitive evidence of inappropriate overuse of antimicrobials in hospitals. These data should be used as part of a broader antimicrobial stewardship programme to monitor antimicrobial utilization. The identification of outliers, such as seen in Figure 1 , should be used only to identify institutions requiring further investigation. As Mohammed et al. 8 have indicated, outlier status does not prove poor compliance, and their outline for performing further analysis should be followed. Conversely, if a hospital is not an outlier for a particular drug it should not be interpreted as problem free. This methodology should be considered as a signal for further investigation using more specific methods such as audits and point prevalence surveys. 14 The study has some limitations. First, we restricted it to the 21 medium to large acute public hospitals in Queensland, with each hospital contributing only five yearly data points for a total of 105 observations in the analysis. We believe this approach was justified as these 21 hospitals contribute 80% of the hospital activity in the Queensland Public Health System. We compensated for the limited sample size by employing the bootstrap method to estimate standard errors and a stringent criterion for ultimate inclusion of predictor variables in the models. Second, we did not use individual patient-level case-mix data to perform the risk adjustment. To obtain such patient-level data would be time-consuming and resource intensive. Our method provides a convenient approach to risk adjustment with readily available data. Third, we did not evaluate every clinical service provided in each hospital in our model. We included only those services where there is a large patient throughput and heavy use of antimicrobials. There may be additional services across hospitals, such as orthopaedic services, that could influence antimicrobial utilization.
Our results are not directly comparable to other studies that benchmark antimicrobial use with case mix, owing to methodological differences in the choice of parameters for risk-adjustment models. Kuster et al.
15 defined a case-mix index using the cost weights of diagnostically related groups, whereas Kanerva et al. 10 used individual patient risk factors to rank hospital 
